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ABSTRACT 
Application of “advanced analysis” methods suitable for non-linear analysis and design of steel 
frame structures permits direct and accurate determination of ultimate system strengths, without 
resort to simplified elastic methods of analysis and semi-empirical specification equations.  
However, the application of advanced analysis methods has previously been restricted to steel 
frames comprising only compact sections that are not influenced by the effects of local buckling.  
A research project has been conducted with the aim of developing concentrated plasticity 
methods suitable for practical advanced analysis of steel frame structures comprising non-
compact sections.  This paper contains a comprehensive set of analytical benchmark solutions for 
steel frames comprising non-compact sections, which can be used to verify the accuracy of 
simplified concentrated plasticity methods of advanced analysis.  The analytical benchmark 
solutions were obtained using a distributed plasticity shell finite element model that explicitly 
accounts for the effects of gradual cross-sectional yielding, longitudinal spread of plasticity, 
initial geometric imperfections, residual stresses, and local buckling.  A brief description and 
verification of the shell finite element model is provided in this paper. 
Keywords:  Analytical benchmark solutions, Steel frame structures, Non-compact sections 
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1. INTRODUCTION 
Distributed plasticity methods of analysis are particularly suitable for the analysis of benchmark 
calibrations frames which can be used to verify the accuracy of simplified concentrated plasticity 
methods of analysis.  Although various distributed plasticity analytical benchmarks have been 
provided for steel frames comprising compact sections (Kanchanalai, 1977; Vogel, 1985) no data 
is available for steel frames comprising non-compact sections subject to local buckling effects.  
Research was therefore undertaken to produce a comprehensive series of distributed plasticity 
analytical benchmarks for steel frames comprising non-compact sections (Avery, 1998).  
The fibre element distributed plasticity formulation used by other researchers (Kanchanalai, 
1977; Vogel, 1985) does not include local buckling effects.  In order to explicitly model local 
buckling deformations, the three dimensional geometry of each member must be modelled using 
shell elements.  HKS/Abaqus Standard (version 4.6) includes the capability to perform second-
order inelastic analysis of shell element structures, and was therefore used for all analyses 
including elastic buckling and second order inelastic analyses. 
A detailed description of the shell finite element distributed plasticity model used for this project 
is provided by Avery and Mahendran (1998a).  The model was verified by comparison with the 
experimental results and a variety of analytical benchmarks.  Details of these comparisons are 
also provided by Avery and Mahendran (1998a) whereas the experimental investigation is 
described by Avery and Mahendran (1998b). Following the verification, the model was used to 
develop an extensive series of benchmark frames comprising non-compact sections.  The results 
obtained from the benchmark analyses also served as a parametric investigation, considering a 
3 
 
range of frame configurations, section slendernesses, column slendernesses, beam to column 
stiffness ratios, and vertical to horizontal load ratios. 
This paper contains a detailed description of the analytical benchmark frames comprising non-
compact sections subject to local buckling effects.  A brief description of the finite element 
model and a summary of the verification comparisons are also included. 
2. MODEL DESCRIPTION 
Shell elements were used in order to provide sufficient degrees of freedom to explicitly model 
local buckling deformations and spread of plasticity effects.  The Abaqus S4R5 element was 
selected for all analyses.  This element is a thin, shear flexible, isoparametric, quadrilateral shell 
with four nodes and five degrees of freedom, utilizing reduced integration and bilinear 
interpolation schemes. A mesh of eight elements per web or flange with an aspect ratio of 1.0 
was used to accurately model the residual stress distribution, spread of plasticity, and local 
buckling deformations.  The geometry and finite element mesh of a typical benchmark frame 
model is illustrated in Figure 1. 
The Abaqus classical metal plasticity model was used for all analyses.  This model implements 
the von Mises yield surface to define isotropic yielding, associated plastic flow theory, and either 
perfect plasticity or isotropic hardening behaviour. 
Point loads were applied to the nodes located at the intersection of the beam and column 
centrelines, and distributed using a rigid multiple point constraint equation.  This equation was 
designed to constrain the rotational and translational degrees of freedom of all the nodes located 
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within a beam-column joint to be equal to the corresponding rotational and translational degrees 
of freedom of the node at the intersection of the beam and column centrelines. The rigid multiple 
point constraint also served to provide a rigid connection and to spread the loads.  It was 
therefore not necessary to explicitly model any stiffeners or load bearing plates. Distributed loads 
were approximated by lumped nodal loads.  The column base fixed connections were modelled 
using single point constraints eliminating all the degrees of freedom of the nodes located at the 
base of the columns.  Out-of-plane constraints were modelled using single point constraints to 
eliminate the out-of-plane horizontal degrees of freedom of all the nodes located at the 
intersection of the flanges and web.  These arrangements prevented global out-of-plane member 
or frame buckling but did not restrict out-of-plane displacements due to local buckling. 
Local imperfections were included in all non-compact sections by modifying the nodal 
coordinates using a field created by scaling the appropriate buckling eigenvectors obtained from 
an elastic bifurcation buckling analysis of the model.  Local imperfections were introduced in all 
of the possible locations where local buckling may occur, not just in the location of the critical 
mode.  The magnitudes of the local flange and web imperfections in the non-compact analytical 
benchmark models were taken as the assumed fabrication tolerances (see Figure 2).  Out-of-
plumbness and out-of-straightness member imperfections were included in sway and non-sway 
frames, respectively.  Unless stated otherwise, the magnitudes of the imperfections were taken as 
the erection and fabrication tolerances for compression members specified in Section 14.4 and 
15.3.3 of the Australian steel structures standard AS4100 (SAA, 1990), illustrated in Figure 2. 
The assumed residual stress distribution for hot-rolled I-sections (see Figure 3) was 
recommended by ECCS (1984) and has been adopted by numerous other researchers.  The 
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residual stress distributions used for other section types are provided by Avery and Mahendran 
(1998a).  The residual stresses were modelled using the Abaqus *INITIAL CONDITIONS 
option, with TYPE = STRESS, USER.  The user defined initial stresses were created using the 
SIGINI Fortran user subroutine. Other details of residual stress modelling are given in Avery and 
Mahendran (1998a).  
3. VERIFICATION 
The accuracy of the distributed plasticity model was established by conducting two series of 
comparisons.  The first series involved the use of results published by Vogel (1985) for the 
following benchmark frames comprising only compact sections (see Figures 4, 5 and 6).  
1. Portal frame.  Single bay, single storey sway frame with fixed base restraints. 
2. Gable frame.  Single bay, single storey sway frame with pinned base restraints. 
3. Six storey frame.  Two bay, six storey sway frame with fixed base restraints. 
The verification analyses of Vogel’s benchmark frames (see Table 1 and Figure 7) indicated that 
the distributed plasticity shell finite element model is accurate and reliable for second-order 
inelastic analysis of typical single storey and multi-storey steel frame structures comprising 
compact hot-rolled I-sections with full lateral restraint. 
The second series of comparisons involved verification of the distributed plasticity model by 
comparison with the results obtained from three large scale experimental tests of frames 
comprising members of non-compact cross-section described by Avery and Mahendran (1998b). 
The three experimental frames comprised of:  
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1. Non-compact hot-rolled I-sections subject to major axis bending. 
2. Slender cold-formed rectangular hollow sections subject to minor axis bending. 
3. Slender welded I-sections subject to major axis bending. 
Each of the three single bay, single storey frames comprised fixed base connections and rigid 
joints, and could be classified as sway frames with full lateral restraint. The experimental load-
deflection curves and ultimate loads agreed well with the corresponding results obtained using 
the analytical model (see Figure 8 and Table 2). Figure 9 shows the deflections and von Mises 
stress distributions at the ultimate load, and the deformations predicted by the model agreed well 
with the observed experimental deformations (Avery and Mahendran, 1998a). The verification 
analyses of the three test frames indicated that the distributed plasticity shell finite element 
model is accurate and reliable for second-order inelastic analysis of typical single storey frame 
structures comprising non-compact sections with full lateral restraint, and is capable of explicit 
modelling of residual stresses, geometric imperfections, local buckling deformations and 
associated yielding.  Full details of the verification analyses and results including load-deflection 
curves are provided by Avery and Mahendran (1998a) for both the Vogel frame and test frame 
studies. 
4. ANALYTICAL BENCHMARKS AND PARAMETRIC STUDIES 
Following the verification analyses, the distributed plasticity shell finite element model was used 
to develop a comprehensive range of analytical benchmarks comprising non-compact I-sections 
(hot-rolled).  All analytical benchmarks included: 
• Nominal and uniform section dimensions.  
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• Idealised fixed or pinned column base supports and fully rigid beam-column connections.   
• Identical bilinear stress-strain curves for both the web and flanges of a section with no strain 
hardening.  
• Nominal global and local imperfections based on construction and fabrication tolerances. 
• Nominal residual stress distributions. 
• Concentrated loads applied at the intersection of the beam and column centrelines, as for 
beam element models. 
The following benchmark frames were selected to represent a variety of typical frame 
configuration and parameters: 
1. Modified Vogel frames: three frames based on original Vogel frame geometry, with non-
compact sections.  
2. Benchmark series 1 frames: 18 single bay, single storey, fixed base sway frames comprising 
non-compact I-sections with major axis bending and 3 load cases. 
3. Benchmark series 2 frames: four single bay, single storey, pinned base sway frames 
comprising non-compact I-sections with major axis bending and 3 load cases 
4. Benchmark series 3 frames: four single bay, single storey, leaned column sway frames 
comprising non-compact I-sections with major axis bending and 9 load cases. 
5. Benchmark series 4 frames: four single bay, single storey, pinned base non-sway frames 
comprising non-compact I-sections with major axis bending and 3 load cases. 
6. Benchmark series 5 frames: two single bay, single storey, pinned base sway frames 
comprising non-compact I-sections with minor axis bending and 3 load cases 
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A total of 129 benchmark analyses were conducted.  A description of each frame is provided in 
this section.  The results are summarised and discussed. 
4.1 Modified Vogel frames 
Three non-compact benchmark frames were developed by modifying the original frames 
presented by Vogel (1985).  The thickness of each section web/flange was reduced by 30%, the 
yield stress was increased from 235 to 350 MPa, and local imperfections were included to ensure 
that local buckling would occur prior to failure.  The residual stress magnitudes were calculated 
using the increased yield stress and the distribution shown in Figure 3 for hot-rolled I-sections.  
All other aspects of the Vogel frames were unchanged, including the elastic material properties 
(E = 205000 MPa, ν = 0.3), geometry, major axis bending, out-of-plumbness imperfections, and 
applied loads (see Figures 4, 5, and 6).  The dimensions and properties of the reduced sections 
are provided in Table 3.  Note that the section properties provided in Table 3 are based on the 
idealised section used in the shell finite element model.  This section has no fillet radius and a 
small overlap at the intersection of web and flange elements. 
The modified Vogel frames were used to investigate the effects of strain hardening and non-
proportional loading.  Three analytical cases were therefore conducted for each frame: 
1. Proportional loading, no strain hardening. 
2. Proportional loading with strain hardening (see Figure 10). 
3. Non-proportional loading, no strain hardening. 
For case 3, the loads were applied in two steps.  The vertical load was applied first, followed by 
the horizontal load, which was increased until failure occurred.  The magnitude of the applied 
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vertical load was taken as the ultimate vertical load capacity obtained from the case 1 analysis 
with proportional loading.  Non-proportional loading more accurately represents the actual load 
sequence typically imposed on steel frame structures. 
The results of these analyses can be used as benchmark solutions for typical rectangular single 
storey and multi-storey frames in which each member is a non-compact I-section bent about its 
major axis with proportional loading.  The ultimate load factors obtained from the modified 
Vogel frame analyses are summarised in Table 4.  The results presented in this table demonstrate 
that the effects of strain hardening are insignificant for the modified Vogel portal and gable 
frames.  Strain hardening increases the capacity of the modified Vogel six storey frame by 
approximately 3.5% due to the greater redundancy of the frame, which allows greater scope for 
inelastic redistribution, compared to the portal and gable frames.  These results indicate that the 
effects of strain hardening are not significant for frames comprising non-compact sections due to 
hinge softening caused by the progression of local buckling which limits the inelastic 
redistribution capacity.  Strain hardening will therefore not be considered for the remaining 
benchmark frames. 
The results presented in Table 4 also indicate that non-proportional loading is slightly more 
conservative than proportional loading.  The horizontal load capacity of the modified Vogel 
portal, gable and six storey frames increased by 5.0, 3.2 and 12%, respectively when the vertical 
load was applied first.  Proportional loading is preferable as it allows the design procedure to be 
simplified considerably.  Non-proportional loading will therefore not be considered for the 
remaining benchmark frames.  However, it is possible that for some less typical frame 
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configurations and load cases, it may be unconservative to use proportional loading.  This subject 
requires further investigation. 
4.2 Series 1: Fixed base sway portal frames (major axis bending) 
The three modified Vogel frame benchmarks consider frames with typical section slenderness, 
member slenderness, applied loads and beam to column stiffness ratios.  A more comprehensive 
series of benchmark solutions is required to ensure that analytical solutions for less typical 
frames can also be verified.  A series of 54 analyses of fixed base sway portal frames (similar to 
the Vogel portal frame) was therefore undertaken.  Each frame comprised non-compact I-
sections subject to major axis bending and axial compression.  The configuration of the 
benchmark series 1 frames is illustrated in Figure 11. 
The residual stress distribution shown in Figure 3 for hot-rolled sections was used.  Initial out-of-
plumbness imperfections and local web/flange out-of-flatness imperfections were included, with 
magnitudes as shown in Figure 2.  Bilinear stress-strain curves were used with E = 200000 MPa, 
ν = 0.3, various yield stresses (see Table 5), and no strain hardening. 
The investigation embraced a range of parameters that could influence the behaviour of steel 
frame structures comprising members with non-compact cross-sections.  These parameters 
included: 
• Section slenderness.  The section slenderness was modified by changing the web and flange 
thickness, and the yield stress.  Each benchmark frame was initially analysed using shell 
element assemblage idealisations of current Australian non-compact hot-rolled I-sections 
(designated type “i”), and then reanalysed with a variety of different element thicknesses and 
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yield stresses.  This was more convenient than creating new models, and allowed 
investigation of sections with greater slenderness than those that are currently available.  Two 
series of reduced sections were used, designated types “r1” and “r2”.  Sections of type “r1” 
had identical centreline dimensions to the corresponding type “i” sections, with the flange 
thickness reduced by one mm, the web thickness reduced by 0.5 mm and the yield stress 
increased by 50 MPa.  Similarly, the flange thickness of sections of type “r2” was reduced by 
two mm, the web thickness was reduced by one mm and the yield stress was increased by 
100 MPa.  Section dimensions and properties of the sections used in the parametric study are 
shown in Table 5.  The section slendernesses ranged from kf = 0.943 to 0.802, and Ze/S = 1 to 
0.887.   
• Column member slenderness.  The column member slenderness was varied by changing the 
height of the columns (Lc = h).  Three column heights were considered: 3.0 m, 5.0 m and 7.0 
m.  All columns were 310 UB 32 base sections (type “i”, “r1” or “r2”).  The column 
slenderness ratios (Lc/r) for the three column heights were therefore 24.2 to 24.4, 40.3 to 
40.7, and 56.4 to 56.9, covering the range of typical column slendernesses.  Changing the 
column heights also affected the axial compression force to bending moment ratio at the base 
of the columns. 
• Ratio of vertical to horizontal load.  Three P/H ratios were considered: 3, 15, and 100.  This 
significantly changed the axial compression force to bending moment ratio at the base of the 
columns and therefore allowed bending dominant, compression dominant, and combined 
bending and compression behaviour to be represented. 
• Ratio of column stiffness to beam stiffness.  This was changed by varying the frame width to 
height ratio and using different beam sections.  Two width to height ratios (s/h) were used: 
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1.5 and 1.0.  Two beam base sections were used: 250 UB 25.7 and 360 UB 44.7.  The 250 
UB 25.7 section was used in conjunction with the width to height ratio of 1.5, while the 360 
UB 44.7 section was used with the width to height ratio of 1.0.  This resulted in two ratios of 
the column to beam stiffness for each section slenderness category: γ = 2.29 to 2.31, and γ = 
0.54 to 0.57.  This range ensured that both stiff column / flexible beam and flexible column / 
stiff beam behavioural types were represented in the parametric study.  The stiffness ratio γ is 
defined in AS4100 clause 4.6.3.4.  For the single bay single storey rectangular sway frames 
considered in this section γ can be expressed by Equation 1.   
 
bb
cc
LI
LI
=γ         (1) 
To investigate these parameters, a large number of analyses were required.  However, the 
analysis process was automated, which enabled the generation of a large number of models with 
no user input other than the preliminary creation of some information files.  
The identification system used to describe the parametric variables for each benchmark analysis 
is illustrated in Figure 12 and Tables 6 to 10.  For example, benchmark frame analysis bm1-2123 
has the following parametric variables: fixed base sway frame, major axis bending, 310 UBr2 
32.0 column section (kf = 0.802, Ze/S = 0.887), 250 UBr2 25.7 beam section, column height (h) = 
5.0 metres, beam span (s) = 7.5 metres, Lc/r = 40.7, γ = 2.31, P/H = 15.  Benchmark frame bm1-
21X3 refers to frames bm1-2113, bm1-2123, and bm1-2133. 
A summary of the ultimate vertical loads (Pu) for benchmark series 1 is provided in Table 11.  
The ultimate horizontal loads can be obtained by dividing the ultimate vertical loads by the 
appropriate P/H ratios. The vertical and sway load-deflection curves and tabulated results for 
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each benchmark series 1 analysis are provided by Avery and Mahendran (1998c). These results 
are suitable for the calibration and verification of simplified methods of analysis for frames 
comprising non-compact sections. Figure 13 shows the sway load-deflection curves for some of 
the frames showing the effects of section slenderness. 
4.3 Series 2: Pinned base sway portal frames (major axis bending) 
Benchmark series 2 comprised 12 analyses of single bay, single storey, pinned base sway frames 
with non-compact I-sections subject to major axis bending.  With the exception of the column 
base fixity and local imperfection distribution, the series 2 frames were identical to the 
corresponding series 1 frames.  It was neither necessary nor practical to include the 
comprehensive parametric variation used for series 1 in series 2.  Two values of Lc/r, one γ, three 
P/H ratios, and two section slendernesses were therefore considered.  A summary of the ultimate 
vertical loads (Pu) for benchmark series 2 is provided in Table 12. 
4.4 Series 3: Leaned column sway portal frames (major axis bending) 
Benchmark series 3 comprised 36 analyses of single bay, single storey, leaned column (i.e., left 
column base pinned and the other fixed in Figure 11) sway frames with non-compact I-sections 
subject to major axis bending with uniform and non-uniform column loading (P1 on left column 
and P2 on right column in Figure 11 instead of P).  The purpose of this benchmark series was to 
extend the scope of the available benchmarks to include leaned column frames, which have 
greater scope for inelastic redistribution and more complex behaviour than series 1 and 2 frames.  
Two values of Lc/r, one γ, three P/H ratios, three P1/P2 ratios, and two section slendernesses were 
therefore considered. A summary of the ultimate vertical right hand column loads (Pu1) for 
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benchmark series 3 is provided in Table 13. Note that the benchmark frame “a” suffix denotes 
P1/P2 = 3 and the “b” suffix denotes P1/P2 = 0.333.  Pmin is the minimum of P1 and P2. 
4.5 Series 4: Pinned base non-sway portal frames (major axis bending) 
Benchmark series 4 comprised 12 analyses of single bay, single storey, pinned base non-sway 
(braced) frames with non-compact I-sections subject to major axis bending.  The purpose of this 
benchmark series was to extend the scope of the available benchmarks to include non-sway 
frames with distributed beam loading.  Two values of Lc/r, one γ, three load cases and two 
section slendernesses were considered.  The configuration of the benchmark series 4 frames is 
illustrated in Figure 14. A summary of the ultimate vertical column loads (Pu) and beam 
distributed loads (wu) for benchmark series 4 is provided in Table 14. 
4.6 Series 5: Pinned base sway portal frames (minor axis bending) 
Benchmark series 5 comprised 6 analyses of single bay, single storey, pinned base sway frames 
with non-compact I-sections subject to minor axis bending. One value of Lc/r (Lc = 3.0 metres, 
Lc/r = 39.0 - 39.1), one frame aspect ratio (s/h = 1.5, γ = 1.78 - 2.03), three load cases (P/H = 
100, 15, and 3), and two section slendernesses (“i” and “r2” sections) were considered.  The 
configuration of the benchmark series 5 frames was the same as series 2.  The section properties 
of the column members are provided in Table 15.  The 310 UB 32.0 (major axis bending) was 
used as the beam base section (Table 5). A summary of the ultimate vertical loads (Pu) for 
benchmark series 5 is provided in Table 16.  
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The vertical and sway load-deflection results for each benchmark analysis (Series 1 to 5) are 
provided by Avery and Mahendran (1998c). 
5. CONCLUSIONS 
This paper has described the development of a comprehensive set of benchmark solutions for 
steel frames comprising non-compact hot-rolled I-sections, which can be used to verify the 
accuracy of simplified concentrated plasticity methods suitable for practical advanced analysis. 
The benchmark solutions were obtained using a distributed plasticity shell finite element model 
that has been validated using analytical and experimental solutions. Initial member and local 
section imperfections, membrane and flexural residual stresses, gradual section yielding, spread 
of plasticity, second-order instability, and local buckling deformations are explicitly and 
accurately modelled. 
Further research is recommended to develop additional benchmark frames comprising non-
compact welded I-sections and cold-formed rectangular hollow sections with full lateral restraint.  
These frames could be used to further verify the concentrated plasticity models for section types 
other than hot-rolled I-sections.  Additional multi-storey and/or multi-bay benchmark frame 
solutions would also be useful to provide greater confidence in the ability of the concentrated 
plasticity models to accurately predict inelastic redistribution in redundant frames comprising 
non-compact sections. 
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NOTATION 
Ae  = effective cross-section area 
Ag  = gross cross-section area 
bf  = flange width 
d  = total depth of section 
d1 = clear depth of web 
E = elastic modulus 
eo = member out-of-straightness imperfection 
h  = frame height 
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H = applied horizontal load 
H' = applied horizontal load that would produce a maximum first-order elastic bending 
moment equal to plastic moment capacity 
Ib = second moment of area of beam section 
Ic = second moment of area of column section 
if = flange out-of-flatness local imperfection 
iw = web out-of-flatness local imperfection 
kf = form factor for axial compression member = Ae/Ag 
L  = member length 
Lb = length of beam member 
Lc = length of column member 
P = axial force or applied vertical load 
P1, P2 = left and right hand column applied vertical loads 
Pmin = minimum applied vertical load 
Pu = ultimate applied vertical load 
Pu1, Pu2 = left and right hand column ultimate vertical loads 
S = plastic section modulus with respect to the axis of in-plane bending 
s = beam span 
tf  = flange thickness 
tw  = web thickness 
w = applied beam distributed load 
wu = ultimate beam distributed load 
Ze = effective section modulus with respect to the axis of in-plane bending 
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γ = column to beam stiffness ratio = (Ic/Lc)/(Ib/Lb) 
ν = Poisson’s ratio 
σr = maximum residual stress 
σy = yield stress 
ψo = member out-of-plumbness imperfection 
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Figure 1.  Geometry and finite element mesh of a typical benchmark frame model 
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Figure 2.  Assumed Imperfections (SAA, 1990) 
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Figure 3.  Assumed longitudinal membrane residual stress distribution for hot-rolled I-
sections (ECCS, 1984) 
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Figure 4.  Configuration of the modified Vogel portal frame 
 
 
Figure 5.  Configuration of the modified Vogel gable frame 
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Figure 6.  Configuration of the modified Vogel six storey frame 
24 
 
0
0.2
0.4
0.6
0.8
1
0 2 4 6 8 10 12 14 16 18 20
sway deflection (mm)
lo
ad
 fa
ct
or
Abaqus shell FEA
Vogel fibre element
Ziemian fibre element
 
Figure 7.  Comparison of sway load-deflection curves for Vogel’s portal frame 
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Figure 8.  Comparison of sway load-deflection curves for test frame 3 
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Figure 9.  Deformations and von Mises stress distribution at the ultimate capacity of the 
test frame 1 distributed plasticity model 
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Figure 10.  Stress-strain relationship used for the modified Vogel frames 
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Figure 11.  Configuration of the benchmark series 1 frames 
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Figure 12.  Benchmark numbering system 
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Figure 13.  Sway load-deflection curves for selected Series 1 Frames showing the effect of 
section slenderness 
 
Figure 14.  Configuration the benchmark series 4 frames 
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Table 1.  Summary of analytical ultimate loads for the Vogel frames 
Reference Element type λu 
Portal Gable Six storey 
Vogel (1985) Fibre element 1.02 1.07 1.11 
Ziemian (1993) Fibre element 1.00 1.07 1.18 
Present Abaqus shell element 1.01 1.04 1.23 
 
 
 
Table 2.  Summary and comparison of experimental and analytical capacities 
 test frame 1 test frame 2 test frame 3 
P H P H  P H 
(1) experiment 568 135 149 18.6 615 110 
(2) analysis 536 134 149 18.6 633 105 mean 
(1) / (2) 1.060 1.007 0.989 1.007 0.971 1.048 1.014 
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Table 3.  Idealised dimensions and section properties of members used in the modified 
Vogel frames 
Section d  
(mm) 
bf  
(mm) 
tw  
(mm) 
tf  
(mm) 
σy 
(MPa) 
kf Ze/S 
HEA340m 325 300 6.65 11.55 350 0.955 0.934 
HEB160m 156 160 5.60 9.10 350 1.000 0.986 
HEB200m 196 200 6.30 10.50 350 1.000 0.975 
HEB220m 215 220 6.65 11.20 350 1.000 0.971 
HEB240m 235 240 7.00 11.90 350 1.000 0.968 
HEB260m 255 260 7.00 12.25 350 1.000 0.961 
HEB300m 294 300 7.70 13.30 350 1.000 0.953 
IPE240m 237 120 4.34 6.86 350 0.893 0.986 
IPE300m 297 150 4.97 7.49 350 0.865 0.964 
IPE330m 327 160 5.25 8.05 350 0.853 0.965 
IPE360m 356 170 5.60 8.89 350 0.849 0.971 
IPE400m 396 180 6.02 9.45 350 0.834 0.971 
 
 
 
Table 4.  Modified Vogel frame analytical results 
Benchmark frame Ultimate load factor 
case 1 case 2  
(strain 
hardening) 
case 3  
(non-proportional loading) 
horizontal vertical 
modified Vogel portal frame 1.01 1.01 1.01 1.06 
modified Vogel gable frame 0.836 0.836 0.836 0.863 
modified Vogel six storey frame 1.139 1.179 1.139 1.276 
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Table 5.  Section dimensions and properties of the idealised and reduced sections 
Section d bf tf tw σy kf Ze/S 
 (mm) (mm) (mm) (mm) (MPa)   
360 UBi 44.7 352 149 9.7 6.9 320 0.911 1.000 
310 UBi 32.0 298 149 8.0 5.5 320 0.902 0.976 
250 UBi 25.7 248 149 8.0 5.0 320 0.943 0.979 
360 UBr1 44.7 351 149 8.7 6.4 370 0.859 0.975 
310 UBr1 32.0 297 149 7.0 5.0 370 0.851 0.939 
250 UBr1 25.7 247 149 7.0 4.5 370 0.895 0.947 
360 UBr2 44.7 350 149 7.7 5.9 420 0.812 0.939 
310 UBr2 32.0 296 149 6.0 4.5 420 0.802 0.887 
250 UBr2 25.7 246 149 6.0 4.0 420 0.849 0.902 
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Table 6.  Parametric variables defined by the frame configuration identifier 
Frame 
configuration 
identifier 
Column base fixity Sway / 
non-sway 
Major / minor 
axis bending Left column Right column 
1 fixed fixed sway major 
2 pinned pinned sway major 
3 pinned fixed sway major 
4 pinned pinned non-sway major 
5 pinned pinned sway minor 
 
 
Table 7.  Parametric variables defined by the column slenderness identifier 
Column slenderness 
identifier 
Column base 
section 
Column height  
(Lc = h) 
Column member 
slenderness (Lc/r) 
1 310 UB 32.0 3.0 metres 24.2 – 24.4 
2 310 UB 32.0 5.0 metres 40.3 – 40.7 
3 310 UB 32.0 7.0 metres 56.4 – 56.9 
 
 
Table 8.  Parametric variables defined by the beam / column stiffness ratio identifier 
Beam / column 
stiffness ratio identifier 
Beam base 
section 
Frame aspect 
ratio (s/h) 
Beam / column 
stiffness ratio (γ) 
1 250 UB 25.7 1.5 2.29 – 2.31 
2 360 UB 44.7 1.0 0.54 – 0.57 
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Table 9.  Parametric variables defined by the load case identifier 
Load case 
identifier 
Vertical / horizontal 
load ratio (P/H) 
1 100 
2 15 
3 3 
 
 
Table 10.  Parametric variables defined by the section slenderness identifier 
Section slenderness 
identifier 
Section type Column section slenderness 
kf Ze/S 
1 i 0.902 0.976 
2 r1 0.851 0.939 
3 r2 0.802 0.887 
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Table 11.  Summary of benchmark series 1 analytical results 
Benchmark 
frame 
Pu (kN) 
P/H = 3 P/H = 15 P/H = 100 
bm1-11X1 383 828 1072 
bm1-12X1 432 877 1076 
bm1-21X1 241 617 980 
bm1-22X1 279 681 1018 
bm1-31X1 176 466 805 
bm1-32X1 202 536 901 
bm1-11X2 365 788 1013 
bm1-12X2 410 834 1019 
bm1-21X2 230 584 923 
bm1-22X2 266 646 962 
bm1-31X2 169 439 750 
bm1-32X2 193 508 848 
bm1-11X3 324 694 889 
bm1-12X3 367 735 894 
bm1-21X3 204 513 805 
bm1-22X3 236 568 839 
bm1-31X3 150 365 652 
bm1-32X3 172 447 737 
 
Table 12.  Summary of benchmark series 2 analytical results 
Benchmark 
frame 
Pu (kN) 
P/H = 3 P/H = 15 P/H = 100 
bm2-11X1 219 590 913 
bm2-11X3 210 494 746 
bm2-21X1 118 332 539 
bm2-21X3 107 274 429 
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Table 13.  Summary of benchmark series 3 analytical results 
Benchmark 
frame 
Pu1 (kN) 
Pmin/H = 3 Pmin /H = 15 Pmin /H = 100 
bm3-11X1 272 703 1027 
bm3-11X3 227 590 847 
bm3-21X1 162 455 839 
bm3-21X3 136 379 690 
bm3-11X1a 769 1034 1085 
bm3-11X3a 651 860 903 
bm3-21X1a 445 914 1068 
bm3-21X3a 372 758 892 
bm3-11X1b 182 319 358 
bm3-11X3b 154 439 297 
bm3-21X1b 122 247 336 
bm3-21X3b 102 205 278 
 
 
Table 14.  Summary of benchmark series 4 analytical results 
Benchmark 
frame 
P = 0 P + w w = 0 
wu (kN/m) wu (kN/m) Pu (kN) Pu (kN) 
bm4-11X1 100 31.7 815 1106 
bm4-11X3 87.9 26.7 685 929 
bm4-21X1 35.1 12.1 862 1082 
bm4-21X3 31.0 9.85 704 907 
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Table 15.  Section dimensions and properties (series 5) 
Section d bf tf tw σy kf Zey/Sy 
 (mm) (mm) (mm) (mm) (MPa)   
310 UCi 96.8 308 305 15.4 9.9 300 1.000 0.967 
310 UCr2 96.8 306 305 13.4 8.9 400 0.993 0.935 
 
 
 
Table 16.  Summary of benchmark series 5 analytical results 
Benchmark 
frame 
Pu (kN) 
P/H = 3 P/H = 15 P/H = 100 
bm5-11X1 263 854 1523 
bm5-11X3 248 794 1421 
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